fiber reinforced polymers to design lightweight structures for the industries looking for weight reduction.
In order to obtain structures that are more efficient, either lighter or stronger or both, optimization methods focused on trusses have been developed over the years, starting with the precursory work of Michell [1] , and the later introduction of the ground structure method by Dorn et al. [2] . Although simple algorithms, such as the ones provided by Zegard and Paulino for two-dimensional [3] and three-dimensional [4] trusses, can already give solutions to optimization problems, work has been done to develop methods that include more variables and perform better. For example, Gao et al. [5] used the directions of the principal stresses in the design domain to guide the algorithm towards more efficient solutions, Zhang et al. [6] reduced the computational costs by dividing the design domain in several elements and carrying the optimization on each element, and He and Gilbert [7] included variables aimed at making the final solutions realistic and geometrically doable. A whole research branch in truss optimization is also dedicated to the use of metaheuristic methods, with for example the use of genetic algorithms by Rajan [8] and Deb and Gulati [9] , a multi-population evolutionary method by Wu and Tseng [10] , or an harmony search algorithm by Lee and Geem [11] . But despite the considerable improvements made in truss optimization over the years, those methods do not consider the strength of the joints of the structure as an optimization variable. Typically, the designers focus on the topology of the structural members and their optimization, then they investigate the joints. In the case of small scale trusses made of pultruded carbon fiber members, for which adhesive bonding is the most likely candidate for the joints and considering the fact that adhesives have a much lower strength than the members, including the strength of the joints as a variable in the design optimization process is necessary.
The manufacturing of complex composite truss structures has been a subject of interest in recent years, due to the advancements made in manufacturing processes. Woods et al. [12] developed a tube-like truss structure made of carbon fibers wound and cured around a "skeleton" of pultruded chord members, also made of carbon fiber reinforced polymer. Weaver and Jensen [13] developed and commercialized a composite lattice carbon fiber structure concept called IsoTruss that was manufactured using a braiding machine. Those examples use a manufacturing process for which it is not necessary to produce individual joints, but the results are generic geometries, limiting the range of applications for the trusses made with these concepts. In order to be able to realize trusses of any shape, and that can therefore be theoretically developed for any kind of application, either two-or three-dimensional, the joints of the truss must be produced separately and assembled with the truss members.
When an efficient joint design is selected for composite truss structures, it can then be further optimized so that it is able to carry the load efficiently between the truss members, while adding as little weight as possible to the structure. It can also be used within the truss optimization algorithm, in order for the optimizer to use the strength of the joints into account when calculating the most efficient structure. This paper proposes to model and analyze several joint design concepts, in order to compare their performances in terms of strength and weight and select the one(s) that perform the best, for an application in composite trusses and truss optimization.
Selected concepts
The proposed solution consists of designing joints that make use of the load transfer capabilities of the adhesive in shear. Previous experimental and numerical work [14] have found that directly joining the members together through adhesive bonding, as shown on Fig. 1 , produces a joint that has a low efficiency. Instead, it is proposed to include at the center of the joint an intermediary piece overlapping the members. The members are adhesively bonded at the overlap with the central joint piece, and the joints are therefore expected to have a better efficiency by transferring the load to this intermediary piece instead of to each other directly.
Three joint designs will be analyzed in this study, and are presented in Fig. 2 . In order to study the influence of the cross-sectional shape of the members, two of the joint designs have two variants each, one using square-based members and one using roundbased members, making it five joint designs in total:
• The first joint design, called J1 in this paper and presented in Fig. 2a , is inspired by the gusset plates present in civil engineering trusses, and consists of having square based members adhesively bonded between two plates, similarly to a double-lap joint. The plates have the advantage of being easily manufactured, but the main issue with this type of design is that it can only be applied to two-dimensional trusses. To be used for three-dimensional trusses, elaborate shapes would need to be produced, and the advantage stated above is lost. This joint design does not have a round-based variant, since round-based members cannot be bonded to plates using a constant adhesive thickness.
• The second group of joint designs, called J2s and J2r for the variants using squarebased and round-based members respectively, and presented in Fig. 2b , consists of inserting a plate in the extremities of the members, so that the members are adhesively bonded to both sides of the plate. It is inspired by the work done by Vallée et al. [15] on adhesive joints in timber trusses, in which a similar joint consisting of a plate around which the members are adhesively bonded was studied. Similarly to the joint design J1, these joint designs can however only be used for two-dimensional trusses.
• The third group of joint designs, called J3s and J3r for the variants using squarebased and round-based members respectively, and presented in Fig. 2c , consists of having a central joint piece that completely surrounds the members and is adhesively bonded to them, similarly to the lugged steel frame construction used to build bicycle frames. The main advantage of these joint designs is that they can be used for threedimensional trusses, since there is no restriction due to the flat nature of the central joint piece as there is in the two previous joint designs. Furthermore, if the material selected for the central joint is isotropic, it could mitigate the issues related to outof-plane stresses that can arise in three-dimensional structures and be problematic for fiber-reinforced components. It is expected that these joint designs are stronger than the J1 and J2 designs, due to the adhesive overlap completely surrounding the members.
Methods
Ever since adhesively bonded joints grew in popularity among engineering applications, closed-form analytical models have been introduced. Many different models are available in the literature, each suitable for different joint configurations and with a different level of complexity, from the first classical models of Volkersen [16] and Goland and Reissner [17] , to more advanced general models suitable for modelling any type of joint configuration, such as the model proposed by Bigwood and Crocombe [18] . Despite their simplicity, closed-form models generally show some important limitations. The shear-and peel stress distribution is assumed uniform over the adhesive thickness. This simplification implies that adherend-adhesive interface stresses, which play a significant role in failure analysis, are not considered. Another limitation of those models is that complex joint shapes and local end geometry, such as an adhesive fillet, are not included. Due to those limitations, the use of a closed-form model to determine the stress distribution in the joint designs proposed in this study would prove hard to implement and of limited interest. Therefore, strength predictions for the different joint designs are made by the numerical analysis of finite elements models built for each one of them. Threedimensional finite elements models are built for this purpose, Goncalves et al. [19] having observed the three-dimensional nature of the stresses occurring in a joint, showing that two-dimensional models should be taken with care.
Geometry and material properties of the numerical models
In order to be able to compare the results obtained from the analyses of the different finite elements models, a common set of rules need to be followed while building them. Otherwise, the differences in strength could be attributed to differences in the joint layout instead of the differences in design only, which are the purpose of this study. The effects of the dimensions of the joint (such as the adhesive layer thickness and the overlap length) on its strength are well documented in the literature. Results show that the joint strength decreases with the increase of the adhesive layer thickness [20, 21] , and that the joint strength is linearly proportional to the joint width [22] . Furthermore, considering that a ductile adhesive is used, the joint strength increases almost proportionally with the joint length because ductile adhesives deform plastically and make use of the whole overlap [23] , contrary to brittle adhesives which cannot accommodate peak stresses at the ends of the overlap [24] . The effects of varying the joint dimensions are not studied in the present paper. Instead, one set of dimensions is selected and applied to all joint designs, and the effects of the design differences is studied. This set of dimensions is selected with regards to the scale of the envisioned applications, with trusses in the meter-range containing members that are a few millimeters thick. It is to be noted that the dimensions described further are chosen semi-arbitrarily, in the sense that they are realistic but not optimized for the best joint performance. The testing, analysis and optimization of the joint design selected as the result of this study will be the subject of a later publication.
In all the designs, the joint has the same layout, as shown in Fig. 3 . The joint is considered as two-dimensional, in the sense that the truss members joining are all located in the same plane. The members are separated by an angle of 120°, allowing an additional symmetry in the numerical models (shown as dotted lines in Fig. 3 ) and therefore a lower computational cost. The members are 25 mm long, the overlap between the members and the central joint piece is 5 mm, and the distance between the loading edge of the central joint piece and its center is 7 mm. The cross-sectional area of the members is taken as 9 mm 2 , the dimensions of the different cross-sectional shapes being chosen accordingly to obtain this area. The adhesive layer is 0.2 mm thick, and a small triangular adhesive fillet is present at the ends of the overlap, with the same thickness as the adhesive layer. The minimum thickness of the central joint piece is 0.5 mm.
Following the same logic, the material properties of the members, central joint piece and adhesive are the same across the numerical models. Similarly to the geometry parameters of the joints, the mechanical properties of the materials used for the joints and members are not variable in this study, therefore their choice is of limited importance and will not affect the comparison, as long as they are consistent across the numerical models. Nevertheless, it is preferable to model materials that are likely to be used in practice, and to accurately know their mechanical properties.
The members are unidirectional carbon-fiber-reinforced polymer rods. The composite material considered for the members is composed of typical intermediate modulus carbon fibers, Zoltek PX35 [25] , combined with the Epikote MGS LR285 resin [26] . The material properties are taken from the datasheets of both constituents and presented in Table 1 . The Poisson's ratio of both constituents are not present in the datasheets, but typical values for these types of materials are used. Based on the properties of the two constituents and the law of mixtures, the mechanical properties of the composite material, in the form of engineering constants, are calculated and presented in Table 2 . The materials considered for the adhesive layer and the central joint piece are both isotropic materials. The material used for the adhesive layer in the numerical models is a rubber-toughened epoxy adhesive, Araldite 2015 [27] . The mechanical properties of this adhesive were determined in a study by Campilho et al. [28] , along with another brittle adhesive of the same brand. The choice of a rubber-toughened ductile adhesive instead of a brittle one is based on the ductile adhesives' increased toughness due to particle cavitation, which increases their strength and makes them a preferred choice for aerospace applications [29] . The mechanical properties determined by Campilho et al. [28] are presented in Table 3 and used to build a bilinear material model (Fig. 4) to be implemented in the numerical models. The material taken for the central joint piece is an aluminum alloy common in aerospace industry, Aluminum 7075-T6 [30] . This study will not consider the eventual plastic deformation of the central joint piece, therefore only its linear elastic material properties will be implemented in the numerical models (Table 4) . 
Numerical models
The software ABAQUS was used to perform the numerical analyses for this study. In order to ensure the robustness of the numerical models, a convergence study has been performed on the joint design J1. The resulting mesh refinement is shown on Fig. 5 . The mesh size is refined close to the edges of the adhesive layer, as well as close to both adhesive-adherend interfaces. Close to the ends of the overlap, the adherends have a notably smaller mesh size than the more central regions, which was shown by Diaz et al. [31] to give better quality results, due to the gradient of stresses and strains making these locations mesh-sensitive. The size of the elements in the mesh-sensitive regions is 0.05 mm, while the elements away from the more mesh-sensitive regions are bigger: 0.1 mm along the width (X-direction) and thickness (Z-direction), 0.4 mm along the length (Y-direction). The adhesive layer features a small triangular fillet and the number of elements in the adhesive layer thickness is 4. The elements used for the adhesive and adherends are quadratic 20-nodes reduced integration hexahedral elements (called C3D20R in ABAQUS [32] ). The same mesh refinement and elements were used on the other models, as best as possible considering their slightly differing geometries. The material properties used for the adherends and adhesive are the ones presented in the previous section. Plasticity of the adhesive is considered, while for the adherends only elasticity is considered. Both the adhesive and the central joint piece are modelled as isotropic materials, whereas the composite member is modelled as a transversely isotropic material, its longitudinal direction being defined as the member's length direction.
The model represents 1/12th of the actual joint layout, thanks to the symmetries presented on Fig. 3 . The boundary conditions corresponding to these symmetries are applied on the model as presented in Fig. 6 . A tensile load is applied at the end of the Poisson's ratio 0.33 composite member, as represented on Fig. 3 . The value of the applied load varies with each joint design analyzed, so that the load is high enough for the joint to reach failure.
Failure criterion
Traditionally in structural engineering, the efficiency of a joint is characterized as the ratio of the load that the joint can support before failure, over the load that the members can support before failure. Ideally, joints should have an efficiency greater than 100%, so that under an excessive load, the members fail before the joints, therefore minimizing the loss of structural integrity. In this study, only cohesive failure within the adhesive is considered as a failure of the joint. Other types of failure, such as adhesive failure or failure of either the composite members or central joint piece are not considered. In order to assess failure within the adhesive, a failure criterion is needed. The suitability of different failure criteria for adhesives in single lap joints was studied by Harris and Adams [33] , with the conclusion that for toughened ductile adhesive like the one used in the present study, the maximum principal strain is the best suited criterion. Further work carried out by Broughton et al. [22] also showed that strain-based failure criteria give more accurate results than stress-based failure criteria for adhesively bonded joints. Additionally, this work showed that a maximum principal strain criterion was better suited to scarf joints, whereas a peak shear strain criterion was better suited to lap joints. The models analyzed in this study have the characteristics of lap joints, thus the peak shear strain is chosen as failure criterion.
For each of the five joint design models, a non-linear analysis is performed, which includes the plasticity of the adhesive, using the bilinear model presented in Fig. 4 , as well as geometric non-linearities. Since the joint designs analyzed in this study are similar to double-lap joints, it is assumed that the adherends are not subject to excessive deformation. Therefore adherend elasticity is assumed in the numerical models. Two types of results are extracted from each analysis: from the linear elastic part and from the non-linear part. The linear elastic part of the analyses is used to compare, for the Fig. 6 Boundary conditions applied on the numerical models same load, the value of the failure criterion within the adhesive for the different joint designs, with the idea that lower values of the failure criterion imply that a higher load is necessary for the adhesive to reach its yield point (and subsequently its failure point), meaning that the joint design considered is performing better. The non-linear part of the analyses is used to compare the loads at which the adhesive reaches its failure point, characterized by the peak shear strain reaching the shear failure strain of the adhesive (see the material properties in Table 3 ). For ductile adhesives which, contrary to brittle adhesives, allow the stresses to be redistributed along the overlap length as the material deforms plastically, the joint strength can be predicted more accurately by modeling the complete failure of the adhesive than taking the load at first failure. However, Campilho et al. [34, 35] found that for very short overlaps (corresponding to the overlap length used in this study) the shear stresses are nearly constant over the overlap length, resulting in the failure that depends almost exclusively on the adhesive strength. As a result, for very short overlaps, the higher fracture toughness of ductile adhesives becomes irrelevant, and they behave more like brittle adhesives. It is therefore assumed that the load at first failure of the adhesive is a good enough strength prediction for this comparative study. For a more accurate representation of the actual performance of the joints, experimental tests would be necessary to determine the validity of the failure criterion.
The non-linear behavior of the joint cannot be approximated with accuracy by a linear model. Nonetheless, comparing the linear behavior of the joints designs might already be an indication of their respective performance. Comparing both types of results aims at observing whether a linear elastic model can reach conclusions that are close to those obtained with a non-linear model, for a much lower computational cost.
Results
The results of both the linear elastic and non-linear analyses are presented in this section. Since the finite element software computes the stress and strain values at the integration points (Gauss points) of the elements, for all models and analyses the values of the shear strain for the failure criterion are taken at integration points to avoid interpolation inaccuracies from the integration points to the nodes [33] . Therefore, for the evaluation of the peak shear strain in the adhesive layer, the value is taken from the Gauss point closest to the peak shear strain displayed from the nodes, as it is assumed to have the peak value of the integration points of the adhesive layer.
It must be noted that in all joint designs, except J1, a part of the adhesive layer orthogonal to the loading direction was modelled (on the loading edge side for J2s and J2r, on the free edge side for J3s and J3r). These regions were modelled for convenience, as it was easier to model an adhesive layer than to create contact interactions between the member and the central joint piece. In practice, having adhesive in these regions should be avoided as much as possible, because it would be loaded in tension and fail at a lower load than the regions of the adhesive layer loaded in shear, thereby initiating cracks that could propagate through the "shear regions" and cause the joint to fail prematurely (as opposed to having adhesive loaded in shear only). As a result, the extraction of values from both the linear elastic and non-linear analyses do not take these regions into account.
Linear elastic analysis
The results of the linear elastic analyses are presented in Table 5 , in the form of the peak shear strain in the adhesive layer. The location of the peak shear strain for each model is displayed in Fig. 7 . They correspond to the points where the adhesive will yield first. Figures 8 and 9 display the shear stress and peel stress distributions, respectively. Those stress values are taken along a path along the middle length of the adhesive layer, going from the free edge to the loading edge. They do not serve as failure criteria for the study, but allow to have a better visual representation of the stress distribution in the adhesive layer of the different joint designs.
Non-linear analysis
The results of the non-linear analyses are presented in Table 6 , in the form of the failure load, i.e. the first load at which an element from the adhesive layer reaches the shear failure strain value of the adhesive material ( Table 6 ). The location of the peak shear strain at failure for each model is displayed in Fig. 10 . These locations are important, since they are assumed to correspond to the points where the adhesive will fail first, and therefore must be the primary target for further studies aimed at improving the first failure load of a specific joint design. It is important to note that the locations displayed here may be caused by singularity issues in the model, and that they should be taken as assumptions of failure points until further experiments validate or invalidate them.
Discussion

Linear elastic vs. non-linear analyses
Based on the results from both linear elastic and non-linear analyses, several conclusions can be made regarding the performance of the different joint designs. In order to compare the results from the linear elastic analyses (Table 5 ) with the results from the non-linear analyses (Table 6) , the values of the peak shear strain obtained from the linear elastic analyses are inverted. This way, the decrease in the peak shear strain (characterizing an increase in the joint performance) can be more easily compared with increase in the failure load from the non-linear analyses. The results displayed in both Tables 5 and  6 are normalized and summed up in Fig. 11 . From the results of the linear elastic analyses, it appears that the joints designs J3s and J3r show a much better performance than the joint designs J1, J2s and J2r, with an increase in performance (with respect to J1) of 261 and 267% respectively for J3s and J3r, against a slight decrease of performance (with respect to J1) of 0.5 and 1.5% respectively for J2s and J2r. This suggests that the family of joint designs consisting of a full central joint piece that completely surrounds the members offer a much greater performance than the family of joint designs consisting of one or several plates. Those results were to be expected since the joint designs that completely surround the member have a larger surface of contact between the member, adhesive and central joint piece than the joints designs using one or several plates, this increase in adhesive surface resulting in lower stress concentrations within the adhesive and therefore an increased joint performance. Furthermore, those results show very small differences between the performances of the square-based and round-based versions of each design, suggesting that the choice of the shape of the member's cross section between square and round does not have a significant impact on the joint performance. The shear stress and peel stress distributions in the adhesive layer, displayed in Figs. 8 and 9 , confirm the conclusion made above, by showing stresses that are significantly lower in the adhesive layers of joints J3s and J3r than those of joints J1, J2s and J2r, as well as showing very small differences between stress distributions of the square-based and round-based version of each joint design. The results from the non-linear analyses lead to similar conclusions as the ones from the linear elastic analyses, with the exception that they suggest a better performance for all joint designs compared to the linear elastic results. The joint designs J2s and J2r show an increase in performance (with respect to J1) of 73 and 79% respectively, whereas the linear elastic analyses showed a slight decrease of 0.5 and 1.5% respectively. The joint designs J3s and J3r show an increase in performance (with respect to J1) of 429 and 419% respectively, whereas the increase was of 261 and 267% respectively with the linear 
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Inverse of the peak shear strain in the adhesive (LE analysis)
Failure load (NL analysis) Fig. 11 Comparison of the performances of the different joint designs, as determined by the linear elastic and non-linear analyses elastic results. Similarly to the linear elastic analyses, very little differences are seen between the square-based and round-based version of each design. The non-linear models are more representative of the actual behavior and performances of the different joint designs, said performance being measured from the failure point rather than the yield point of the adhesive for the linear elastic models. The advantage of using the linear elastic model for predicting the performance of each joint design is that the computational cost is a lot lower. However, the discrepancies displayed on Fig. 11 between the results of both types of analyses suggest that the results from the linear elastic models are not reliable enough, since they cannot approach closely enough the results from the non-linear models.
Another difference between the results of the linear elastic and non-linear analyses can be seen on the Figs. 7 and 10 , displaying the location of the peak shear strain in the adhesive layer after the linear elastic and non-linear analyses respectively. It must be noted that the location of the peak shear strain has a different meaning in each type of analysis. Whereas in the linear elastic analyses it represents the point of first yield of the adhesive layer, in the non-linear analyses it represents the point of first failure of the adhesive layer. Comparing these locations in both types of analyses show that for the joint designs consisting of one or several plates, J1, J2s and J2r, the point of first yield (Fig. 7a-c respectively) corresponds to the point of first failure (Fig. 10a-c respectively) , and is located at the corners of the loading edge of the adhesive overlap. For the joint designs consisting in a central joint piece completely surrounding the member, J3s and J3r, the point of first yield (Fig. 7d, e respectively) is located on the loading edge of the adhesive layer, whereas the point of first failure (Fig. 10d, e respectively) is located on the "free edge" of the adhesive layer, i.e. the opposite side from the loading edge.
Performance vs. weight
As stated in the introduction, in many applications joints should not only be performant to ensure the integrity of a truss, but also be light weighted. In structural design, a balance must be found between performance and weight, as a more performant structure will most likely also be heavier and therefore may not fulfil the product requirements anymore. It is therefore important to compare the increase in performance of the different joint designs modelled in this study with their increase in weight. For all the models, the members have the same cross-sectional area and the same length, and the change of adhesive volume between the designs is negligible. Therefore, only the weights (or volumes, as it is equivalent) of the central joint piece of each joint design are used for this comparison, presented in Table 7 . The increase in weight with respect to J1 is compared to the increase in performance resulting from the linear elastic and non-linear analyses in Figs. 12 and 13 respectively.
From the results of the linear elastic analyses, it appears that the increase in performance of each design does not always match the increase in weight of the joint piece volume. While there is no significant change in the performance and weight of the joint designs J2s and J2r (with respect to J1), the other joint designs show that the increase in performance is not proportional to the increase in weight, suggesting than some designs are more (or less) efficient than others. The increase in performance is higher than the increase in weight (with respect to J1) for the joint designs J3s and J3r. The joint designs J3s and J3r showing approximately the same performance and the same weight (although both are lightly higher for J3r), the results from the linear elastic analyses suggest that both designs can be applied in trusses with equal performances.
The results from the non-linear analyses confirm the conclusion made above, stating that the increase in joint performance is not proportional to the increase in weight. However, they suggest a different conclusion about the choice of square-based members over round-based members. Comparing the joint designs J3s and J3r, J3s shows a slightly lower weight, with an increase in weight of 186% (with respect to J1) for J3s against 203% for J3r, and a slightly higher performance, with an increase in performance of 429% (with respect to J1) for J3s against 419% for J3r, making the square-based joint design J3s lighter and more performant than the round-based equivalent J3r. It suggests that square-based members are a slightly better choice than round-based members, which can be explained by their shape, allowing for a smaller (and therefore lighter) central joint piece while providing a larger surface of contact with the adhesive.
Manufacturing of the joints
The final aspect to take into consideration when choosing the most suited joint design for an application in trusses is the manufacturing of the joints. Considering only the joint designs J3s and J3r, as they were found to be much more performant than the joint designs J1, J2s and J2r, their differences in terms of manufacturing are the shape of the cross-section area of members, as it determines the shape of the holes that must be created into the central joint piece: full square for J3s; full round for J3r. Based on those shapes, the choice of the best joint design will depend on the type of manufacturing method that is available to the manufacturer.
• If only material-removal processes are available, full round holes can be achieved easily through mechanical drilling, while the other shapes would require more complex (and therefore most costly) processes, such as laser drilling. Further studies are required to find a good balance between performance and manufacturing cost, but the joint design J3r might be the best candidate if only material-removal processes are available to the manufacturer.
• If additive manufacturing processes are available to the manufacturer, more sophisticated shapes than a full round hole can be made easily. The selection of the best joint design can then be based on weight and performance only, since producing either shape for the central joint piece will not make a significant difference in the manufacturing cost. In this case, based on the discussion of the previous section, the joint design J3s is the best suited for an application in trusses. Following the same logic, more complex cross-sectional shapes, such as tubular sections, could provide even better performances. Further studies are required to find the best cross-sectional shape for this joint design.
It is to be noted that the materials for the adhesive and members are not taken into account in this discussion. The members being manufactured by pultrusion, producing either shape for their cross-section do not show a significantly different cost. However, the manufacturing considerations should also take into account the material used for the central joint piece, since not all materials are eligible for all manufacturing processes.
Conclusions
For an application in composite trusses and truss optimization, five joint designs were proposed. With the goal of comparing their performances in terms of strength and weight and selecting the one(s) that perform the best, numerical models were built in ABAQUS for each of the proposed designs. The models shared the same material properties, geometry, boundary conditions and element types, to reduce the influence of those parameters of the joint performance as much as possible, and to focus the study on the joint design for the comparison of performances. Each model was analyzed in both the linear elastic domain and the non-linear domain, the latter taking into account the plasticity of the adhesive as well as non-linear geometry. The comparison of the performances of the models, based on the linear elastic analyses and the non-linear elastic analyses, showed that both types of analysis lead to slightly different conclusions.
Based on the results of the linear elastic analyses, it appeared that the joint design J3r, consisting in a central joint piece adhesively bonded to round-based members, showed the lowest peak shear strain value within the adhesive layer, suggesting that it is the strongest of the joint designs analyzed in this study. The results of the non-linear analyses lead to a different conclusion, with the joint design J3s, consisting in a central joint piece adhesively bonded to square-based members, showing the highest failure load. Relatively high discrepancies exist between the results of both analyses, with the non-linear analyses showing performances that are 1.6 times higher than those shown by the linear elastic analyses, suggesting that the linear models in their current state cannot predict these performances accurately enough. Taking into account the volume of the central joint piece in each of the joint designs, it appeared that, relatively to the least performant design, the increase in performance of each design does not always match the increase in weight of the joint piece volume. From the results of the linear elastic analyses, the joint designs J3s and J3r show the highest increase in performance relatively to the increase in volume, therefore we can consider them as being the most efficient of the joint designs analyzed in this study. From the results of the non-linear analyses, it appears that the joint design J3s performs better than the joint design J3r while also being lighter, which suggest that J3s is the most efficient one. Even though the performances and weights of the joint designs J3s and J3r are very close, their manufacturing requirements are different and favor J3r for being easier to manufacture if additive manufacturing is not available to the manufacturer.
Further numerical work, as well as experimental work, is needed to better understand and model the behavior of these promising joint designs. Obtaining a model that can predict the strength of a joint while being relatively low on computational cost would allow for an optimization of said joint designs, by varying parameters such as the overlap length or the amount of material in the central joint piece, to obtain a good balance between strength and low weight.
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